Objective: Using a mouse model of complex regional pain syndrome (CRPS), our goal was to identify autoantigens in the skin of the affected limb. Methods: A CRPS-like state was induced using the tibia fracture/cast immobilization model. Three weeks after fracture, hindpaw skin was homogenized, run on 2-d gels, and probed by sera from fracture and control mice. Spots of interest were analyzed by liquid chromatography-mass spectroscopy (LC-MS) and the list of targets validated by examining their abundance and subcellular localization. In order to measure the autoantigenicity of selected protein targets, we quantified the binding of IgM in control and fracture mice sera, as well as in control and CRPS human sera, to the recombinant protein.
Introduction
Complex Regional Pain Syndrome (CRPS) is a chronic and debilitating condition comprised of a host of seemingly unrelated signs and symptoms including bone demineralization, skin growth changes, vascular dysfunction and pain. There are an estimated 50,000 new cases in the US each year, and in most cases, the symptoms are limited to a single extremity (de Mos et al., 2007) . Despite the fact that CRPS was described over a century ago, we still lack a comprehensive mechanistic understanding of the syndrome, thus often preventing effective treatment or cure.
Historically, CRPS research has focused on areas such as sympathetic nervous system dysfunction, neurogenic inflammation, and peripheral and spinal nociceptive sensitization and brain reorganization as potential mechanisms (Tajerian and Clark, 2016) . More recently, however, a collection of clinical and preclinical observations has suggested an autoimmune etiology. Agonistic anti-sympathetic autoantibodies have been shown in a subgroup of CRPS patients (Kohr et al., 2011) and, clinically, low dose intravenous immunoglobulin controlled CRPS symptoms in some patients (Goebel et al., 2010) . In an animal model of mild tissue trauma, IgG from CRPS patients worsened the existing nociceptive sensitization (Tekus et al., 2014) . Moreover, in a well-characterized mouse tibia fracture/cast model of CRPS, we reported attenuated CRPS-like symptoms in subjects treated with anti-CD20 and in mu-MT mice lacking mature B cells (Li et al., 2014) . Finally, we observed increased IgM deposition in the skin of the affected hindpaw not explained by vascular leak of immune complexes, thereby suggesting the presence of auto-antigens in skin tissue, which could be responsible for regionalized trophic changes, allodynia, and other signs of the syndrome (Li et al., 2014) .
In the current study we employed the mouse tibia fracture/cast immobilization model to address the critical issue of identifying the target antigen(s) of potentially CRPS-related autoantibodies in skin. The identification of such proteins would both support the autoimmune hypothesis and provide biomarkers useful in following disease activity and responses to treatments.
Materials and methods

Animals
Male C57/B6J mice aged 12-14 weeks (Jackson Labs) were housed in groups of 4 (12-h light/dark cycle, ambient temperature of 22 ± 3°C, with food and water available ad libitum). All animal procedures and experimental designs were approved by the Veterans Affairs Palo Alto Health Care System Institutional Animal Care and Use Committee and followed the "animal subjects" guidelines of the International Association for the Study of Pain.
Limb fracture and cast immobilization
Mice were anesthetized with 1.5% isoflurane and underwent a distal tibial fracture in the right hind limb. Immediately following fracture and while still under anesthesia, a cast was placed around the injured hindlimb as previously described (Li et al., 2014) . Three weeks after surgery, the mice were anesthetized (isoflurane) and the casts were removed.
Sample preparation
All analysis was done blind to the identity and experimental condition of the subject or tissue.
Mice
Mice were deeply anesthetized using isoflurane, and blood was collected via cardiac puncture. The ventral hindpaw skin was then dissected and stored −at 20°C. Following clotting at room temperature, blood was centrifuged at 10,000 × g and the supernatant serum was collected.
Total protein from skin and serum samples: Skin was homogenized using T-PER Protein Extraction Reagent (Thermo Scientific) with proteinase and phosphatase inhibitors (Roche Applied Science), centrifuged at 12,000 ×g, and supernatant fractions were collected.
Protein extracts from subcellular fractions: Cytoplasmic, membrane, nuclear soluble, chromatin-bound, and cytoskeletal protein extracts from skin samples were separated using a subcellular fractionation kit (Thermo Scientific).
Human sera
The study protocol was approved by the institutional review board at the Justus Liebig University (Gießen, Germany). Sera were collected from CRPS patients, and 5 serum samples were chosen at random to represent both acute and chronic stages of the syndrome (see Table 1 for details; all patients fulfilled the CRPS research criteria). Commercially available normal human serum was used as control (Sigma).
Gel electrophoresis
2.4.1. 2-Dimensional 200 μg of protein was precipitated in acetone, centrifuged at 7800 g, and the pellet was rehydrated and incubated with the IPG strips (PH 5-8, 11 cm; BioRad). One-dimensional isoelectric focusing was carried out using an IEF protean cell (Biorad). The IPG strips were then equilibrated and subjected to two-dimensional separation according to standard protocols.
1-Dimensional (vertical)
Vertical gel electrophoresis was performed (in preparation for Western blotting) according to standard sodium dodecyl sulfate polyacrylamide gel electrophoresis procedures.
2.5. Mass spectrometry 2.5.1. In-gel digestion Per standard procedures, gel bands were washed with MilliQ water, destained, dehydrated, and dried in a speed-vac (Thermo Savant). The gel pieces were rehydrated and incubated at 56°C for 20 min. After discarding the supernatant, the gel pieces were incubated in 15 mM iodoacetamide, washed with water and dehydrated and dried as before. The dried gel pieces were rehydrated and the reaction mixture was then acidified and desalted. Peptides were eluted and lyophilized in a SpeedVac (Thermo Savant). 
Liquid chromatography-tandem mass spectrometry (LC-MS)
Each digestion mixture was analyzed by UHPLC-MS/MS. LC was performed on an Easy-nLC 1000 UHPLC system (Thermo). The LC was interfaced to a quadrupole-Orbitrap mass spectrometer (QExactive, Thermo Fisher) via nano-electrospray ionization using a source with an integrated column heater (Thermo Easy Spray source). The column was heated to 50°C. An electrospray voltage of 2.2 kV was applied. Tandem mass spectra from the top 20 ions in the full scan from 400 to 1200 m/z were acquired. Dynamic exclusion was set to 15 s, singly-charged ions were excluded, isolation width was set to to 1.6 Da, full MS resolution to 70,000 and MS/MS resolution to 17,500. Normalized collision energy was set to 25, automatic gain control to 2e5, max fill MS to 20 ms, max fill MS/MS to 60 ms and the underfill ratio to 0.1%.
Data processing and library searching
MGF files were searched using X!!Tandem using both the native and k-score scoring algorithms and by OMSSA. XML output files were parsed and non-redundant protein sets determined using Proteome Cluster. MS1-based features were detected and peptide peak areas were calculated using OpenMS. Proteins considered in further analyses were required to have 1 or more unique peptides across the analyzed samples with E-value b 0.01. Ingenuity Pathway analysis was used to interrogate the list of targets generated by LC-MS for involvement in known autoimmune pathways.
Protein visualization and quantification
Antibodies used in this report are listed in Table 2 .
2-Dimensional blots
To visualize serum binding to target antigens in skin, 2d gels of total skin protein were transferred into a membrane and incubated overnight with fracture/cast or control mouse serum or control or CRPS human serum (1:500 dilution) followed by incubation with the appropriate anti-IgM secondary antibody. To visualize total protein content on the blot, Coomassie staining was used.
Western blots
Membranes were stained by overnight incubation with the primary antibody followed by 1-h incubation with the appropriate secondary antibody. GAPDH was used as an internal control.
Dot blots
2 μl of human KRT16 recombinant protein (Novus) was applied to a nitrocellulose membrane and incubated for 1 h with fracture or control mouse serum or CRPS or control human serum (1:500 dilution) followed by 1-h incubation with the appropriate anti-IgM secondary antibody.
The signals were detected using Odyssey (LI-COR Biosciences) and quantified using Image Studio Lite© (LI-COR Biosciences).
Anti-citrullinated protein antibody arrays
In-house arrays were carried out using mouse sera as previously described (Sohn et al., 2015) .
ELISA.
Mouse anti-cyclic citrullinated peptide IgM in mouse sera (Alpha Diagnostic International) and mouse anti-carbamylated proteins in hindpaw skin (Cell Biolabs Inc.) were measured using standard ELISA procedures.
RNA isolation and qPCR
Total RNA was isolated from hindpaw skin using the RNeasy Mini Kit (Qiagen). Real-time PCR was performed in an ABI prism 7900HT system (Applied Biosystems). Data were normalized to 18S mRNA expression. The following krt16 primers were used (SABiosciences): LEFT: AGGCCTGGTTCCTGAGAAAG; RIGHT: TTTCATGCTGAGCTGGGACT.
Statistical analysis
All data are expressed as mean ± SEM. To evaluate the overall differences between the fracture and control groups, 2-tailed student's t-test was used. Significance was set at p b 0.05 (Prism 7.0; GraphPad Software, La Jolla, CA). Sample sizes are indicated in the figure legends. 
Results
Unique antigen-antibody binding of fracture serum to fracture skin proteins
In order to identify the presence of specific antigens involved in CRPS-related autoimmunity in the hindpaw skin, proteins from fracture and control mice were separated using 2-D gel electrophoresis (Fig. 1A) and incubated with sera from fracture and control mice. Unique binding was observed only when fracture serum was added to fracture skin (Fig. 1B, 3rd row, right) . We observed a similar pattern when probing fracture mouse skin with human CRPS patient sera (Fig. 1B, 5th row,  right) . To determine the identity of the observed spots, proteins were harvested from additional Coomassie stained gels and analyzed by LC-MS (Fig. 1B, bottom row) .
The list of proteins identified using this approach that demonstrated increased expression in fracture skin is shown in Table 3 . The LC-MS protein data were subsequently processed using Ingenuity Pathway Analysis (IPA) employing a biased search for proteins with known autoimmune involvement such as psoriasis and rheumatoid arthritis (Fig. 1C) .
Characterization of the identified candidate autoantigens
In order to validate selected proteins as autoantigens and investigate the mechanisms of autoantigenicity in our list of targets (chosen on the basis of autoimmune involvement [ Fig. 1C ] and LCMS data [ Table 3 ]), we carried out a series of experiments to measure antigen abundance and changes in subcellular localization as well as post-translational modifications that could incite an autoimmune response.
Of the proteins the levels of which were measured in the fracture and control groups (KRT16, eEF1a1, PRPH, ANXA2, ENO3, ALDOA, AKT2, Serpinb1), only eEF1a1, PRPH ( Fig. 2A) and KRT16 (Fig. 3B) showed increased protein abundance after fracture, while ANXA2 and ENO3 showed changes in their subcellular location where they were shown to localize in the membrane fraction of the cell in the fracture group only (Fig. 2B, insets) . None of the other targets analyzed showed cellular re-distribution.
Another potential mechanism of autoimmunity is the post-translational modification of native proteins, including protein citrullination (arginine to citrulline) and carbamylation (cyanate binding to primary amino or thiol groups). We therefore measured total levels of carbamylated proteins in the hindpaw skin and found no differences between the two groups (Fig. 2C, left) . Additionally, we found no differences in the levels of anti-citrullinated protein antibodies in the sera of mice belonging to the two groups (Fig. 2C, right) . Similarly, an in-house protocol that measures serum binding to an antigen panel for rheumatoid arthritis showed negligible immunoglobulin binding for the majority of antigens, with non-specific binding to native and citrullinated forms of select antigens observed similarly between groups (Fig. 2D) . Finally, our LC-MS analysis showed no significant differences in post-translational modifications in proteins from fracture skin (data not shown).
Anti KRT16: a serum biomarker in fracture mice and CRPS patients
In addition to the potential targets shown in Fig. 2 , we measured levels of KRT16, our top target from the LCMS analysis. This choice was further bolstered by the overall abundance of keratin species in the LCMS analysis a well as their known involvement in other autoimmune conditions such as rheumatoid arthritis and psoriasis (Fig. 1C) .
We show increased KRT16 both at the mRNA (Fig. 3A) and protein ( Fig. 3B ) levels in the mouse skin 3w following fracture. In order to confirm the auto-immunoreactivity of KRT16, dot blot analysis was performed using recombinant KRT16 and probed with mouse and human sera. Our data show increased binding of fracture (mouse, Fig. 3C ) and CRPS (human, Fig. 3D , E) sera to KRT16. Similar dot blots were also Fig. 1 . (A) Mice were randomly divided to control (C) and tibia fracture/cast (F) groups. 3 weeks after fracture, ipsilateral hindpaw skin protein was extracted and separated by 2-dimensional gel electrophoresis. (B) When probed with fracture and control mouse sera and CRPS and control human sera, total protein extracts harvested from 3w fracture mice were shown to bind differentially to mouse fracture serum and sera collected from CRPS patients (yellow ellipses). These same spots were excised from 2-d gels stained with Coomassie brilliant blue (red ellipses) and processed for LC-MS. (C) Proteins that were shown (by LC-MS) to be increased in the fracture group were analyzed by Ingenuity Pathway Analysis and plotted based on known involvement in autoimmune conditions. Darker colors indicate increased evidence for involvement. Asterisks indicate some of the targets that were chosen for further analysis.
conducted for PRPH recombinant protein with no differences between the injured and control groups in either species (data not shown).
No correlation was observed between KRT16 immunoreactivity and CRPS duration in patients (Fig. 3F) .
Discussion
In the present study, we provide further evidence for an autoimmune origin for CRPS, a mechanism that could account for the multitude of seemingly disparate signs and symptoms associated with it. Additionally, we propose anti-KRT16 as a potential biomarker both in our murine model and in CRPS patients, based both on serum binding experiments and the identification of KRT16 through exploratory immunoblotting experiments. The data presented regarding CRPS-related autoantigen identification complements prior findings of surface-binding autoantibodies against autonomic neurons (Kohr et al., 2009 ) as well as the presence of autoantibodies binding to and activating the M-2 muscarinic and the β2-adregenergic receptors (Kohr et al., 2011) in some CRPS patients.
The mechanistic link between limb trauma and autoimmunity remains unclear, but dysregulation of the immune system is probably crucial for the pathogenesis of post-traumatic autoimmunity. For instance, lowered thresholds of T and B lymphocyte tolerance and activation could account for increased ability to bind "self" antigens (Kil and Hendriks, 2013) . Similarly, dead or dying cells -presumably abundant after tissue trauma-could be a source of autoantigens (Mahajan et al., 2016) , particularly in cases where apoptotic clearance of these cells is decreased. Furthermore, autoimmunity could be the result of changes in the localization of the antigen within the cell. In our model, we found ANXA2 and ENO3 in the membrane fraction of the cell in the fracture group only, which could make it more accessible to various immunoglobulins. In Sjogrens syndrome, for example, major epithelial autoantigens display cellular re-distribution into the cell membrane, therefore making them more available to auto-antibodies (Katsiougiannis et al., 2015) . Re-localization of autoantigens can even occur extracellularly; The nuclear DNA sensor IFI16, elevated in various autoimmune conditions, has been shown to re-localize from the nucleus to the extracellular milieu (Sporn and Vilcek, 1996) . Finally, posttranslational modifications of native proteins have been known to be implicated in pain-related autoimmunity in diseases such as rheumatoid arthritis, where an increase in anti-citrullinated protein antibodies in patient sera has been observed and thought to participate in the initiation and propagation of synovial inflammation (Sohn et al., 2015) . However, we found no changes in anti-citrullinated protein antibody levels in fracture mouse sera and no differences in the binding of sera to select citrullinated and native proteins; nor did we observe changes in the levels of carbamylated proteins in fracture mouse skin samples.
KRT16 was both elevated in abundance in fracture mouse skin and appeared to be reactive with IgM in sera from fracture mice as well as sera from CRPS patients. These data are in agreement with findings ANXA2 and ENO3 did not show significant increase in protein levels, however, they did show unique localization within the cell following fracture (inset, fracture skin is on the bottom blots, yellow ellipses. I = cytoplasm, II = Membrane, III = Soluble nuclear, IV = chromatin-bound nuclear, and V = cytoskeletal). (C) No differences in total levels of carbamylated proteins in hindpaw skin were observed (left panel) and no differences in serum anti-citrullinated protein antibody (right panel) were observed. (D) Finally, sera from 3w fracture and control mice were run on an anti-citrullinated protein antibody array (Sohn et al., 2015) . Negligible immunoglobulin binding was detected for the majority of antigens, with non-specific binding to native and citrullinated forms of select antigens observed similarly between groups. N = 6-8/group. *p b 0.05, 2-tailed student's t-test. C = control; F = fracture; PTM = post translational modification. from another regional autoimmune condition that affects the hair follicle, alopecia areata, where KRT16 co-localizes with serum from alopecia patients in the outer root sheath of the hair follicle (Leung et al., 2010) . This suggests that, despite the ubiquitous distribution of KRT16, it may be a marker for regional autoimmunity. Notably, increased KRT16 might not be maladaptive in itself, but simply a response to skin damage that is associated with fracture/casting (mice) or extremity trauma (humans); KRT16 is instrumental in regulating the production of innate danger signals and the over-activation of cytokines and various regulators of skin barrier function after epidermal barrier breach (Lessard et al., 2013) and could parallel the trophic changes that often accompany CRPS. For example, cytokine overproduction has been shown in our fracture model (Li et al., 2010) , and could potentially drive innate and adaptive immune system activation, both of which are demonstrated in CRPS.
While the identification of KRT16 and possibly other skin-related autoantigens may reflect a contributing autoimmune component in CRPS, our search was not exhaustive. Neural tissue, for example, may contain additional autoantigens, and previous reports suggested that autoantibodies targeting cell surface receptors may functionally contribute to the clinical manifestations of the syndrome. Furthermore, we have screened 5 CRPS patients corresponding to a wide range of disease duration as well as differing CRPS causes (bone fracture, contusion, and surgery). It is possible that a larger sample size in addition to increased variation in disease etiology/duration would provide us with a more representative image of the heterogeneous CRPS population. Finally, since all of our patients list some form of trauma as the CRPS cause, it is possible that KRT16 immunoreactivity is due to the trauma itself rather than the experience of CRPS. Additional control samples from pain free individuals who have experienced prior injuries would be useful.
Conclusions
Our demonstration of the auto-antigenicity of KRT16 in a murine CRPS model and CRPS patients further bolsters the idea of autoimmune involvement in CRPS, and suggests that novel diagnostic tests and therapeutic strategies might be developed by pursuing these findings. 
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